) to facilitate in vitro RNA synthesis of anti-sense or sense probes. The final 1 8 3 purified PCR products for use as templates for RNA probe synthesis were quantified on a SYNERGY 2 1 8 4
Microplate reader (Biotek, Winooski, VT).
8 5
Digoxigenin (DIG)-labelled RNA probe synthesis. PCR templates generated as described above (see 1 8 6 Table S3 ) were used for in vitro transcription reactions using the HiScribe T7 RNA Synthesis Kit (New 1 8 7
England Biolabs, Whitby, ON) following the recommended conditions when using modified nucleotides.
8 8
Digoxigenin-labelled UTP was supplemented in a 35:65 ratio (DIG-UTP to standard UTP) either as a 1 8 9 separate analog (digoxigenin-11-UTP) or in a pre-mixed 10x DIG-RNA labelling mix (Sigma-Aldrich, 1 9 0 Oakville, ON). Template DNA was removed following treatment with RNase-free DNase I (New 1 9 1 England Biolabs, Whitby, ON) and an aliquot of the synthesized RNA probes were then visually assessed 1 9 2 using standard agarose gel electrophoresis and quantified on a SYNERGY 2 Microplate reader (Biotek, 1 9 3
Winooski, VT).
9 4
Fluorescence in situ Hybridization (FISH). An optimized FISH procedure based on a protocol 1 9 5 described previously for R. prolixus 62, 63 was utilized involving peroxidase-mediated tyramide signal 1 9 6 pharmacological blockers, a nitric oxide synthase (NOS) inhibitor, N ω -Nitro-L-arginine methyl ester 2 7 3 hydrochloride (L-NAME), and protein kinase G (PKG) inhibitor, KT5823, were used against 5-HT-and 2 7 4 DH 31 -stimulated MTs. Dosages of 2 µmol l -1 L-NAME (manufacturer's recommended dose) and 5 µmol 2 7 5 l -1 KT5823 36 were applied to the MTs. The inhibitors were treated in conjunction with 1 fmol l -1 2 7 6
AedaeCAPA-1 and/or 100 nmol l -1 cyclic guanosine monophosphate, 8 bromo-cGMP (cGMP) 37 (Sigma-2 7 7
Aldrich, Oakville, ON, Canada). Unstimulated controls consisted of tubules bathed in physiological saline 2 7 8 with no diuretic application. Following a 60-minute incubation period, the size of the secreted droplet was 2 7 9 measured using an eyepiece micrometer and fluid secretion rate (FSR) was calculated as described 2 8 0 previously 21 . Figure S1A) . The gene structure model revealed the cloned cDNA mapped to eleven exons 2 8 8 spanning a genomic region of over 351Kb, with the start codon positioned within the third exon and the 2 8 9 translation termination (stop) codon located in the eleventh exon, which is also contains the predicted 2 9 0 polyadenylation signal at nucleotide position 3405-3410 ( Figure S1B ). The deduced protein sequence 2 9 1 encodes a receptor protein that displays the prototypical features of rhodopsin receptor-like (family A) 2 9 2 GPCRs 69-71 , including the highly conserved tryptophan residue in the first extracellular loop involved in 2 9 3 receptor trafficking, the D/E-R-Y/F motif at the border between the third transmembrane domain and 2 9 4 second intracellular loop along with the NSxxNPxxY motif found within the seventh transmembrane 2 9 5 domain ( Figure S1A ). Phylogenetic analysis using maximum likelihood methods revealed the deduced 2 9 6 receptor protein sequence shares greatest evolutionary relationship with the orthologous CAPA receptor 2 9 7 proteins identified or predicted in other dipterans organisms, including for example the fruit fly, non-2 9 8 biting midges, house fly, blow fly along with the more closely-related sister mosquito species ( Figure S2 ).
9 9
Functional ligand-receptor interaction heterologous assay. The endogenous peptidergic ligands for the 3 0 0 cloned anti-diuretic hormone receptor were identified using a heterologous functional assay using CHO-3 0 1 K1 cells stably expressing a bioluminescent calcium sensor, aequorin 58,61 . The receptor was activated by 3 0 2 all endogenously expressed peptides encoded by the CAPA gene in A. aegypti ( Figure 1A ), including two 3 0 3 CAPA peptides (periviscerokinins) and a pyrokinin 1-related peptide. Notably however, the pyrokinin 1-3 0 4 related peptide displayed very poor activity compared to the two CAPA peptides, which were the most 3 0 5 potent ligands with half maximal effective concentrations in the low nanomolar range (EC 50 = 5.62-6.76 3 0 6 nM), whereas a significantly higher concentration of pyrokinin-1 was needed to achieve even low level 3 0 7
CAPAr activation. Several other endogenous mosquito peptides as well as additional insect peptides 3 0 8 belonging to distinct peptide families were tested and displayed no detectable activity over background 3 0 9 levels of luminescence ( Figure 1B ). Controls where the CHO-K1-aeq cells were transfected with empty 3 1 0 pcDNA3.1 + vector showed no detectable luminescence response (data not shown) to any of the peptides 3 1 1 used in this study, confirming the calcium-based luminescence signal was a result of CAPA neuropeptide 3 1 2 ligands activating the transiently expressed A. aegypti CAPA receptor.
1 3
CAPAr transcript profile and cell-specific localization. We determined the developmental expression transcript present in head, carcass, midgut and low levels detected in hindgut and reproductive organs.
2 6
Similar to males, CAPAr was significantly enriched in the MTs of females relative to all other examined 3 2 7 tissues/organs by nearly 150-fold ( Figure 2B ). Using fluorescent in situ hybridization, the CAPAr 3 2 8 transcript was localized specifically to principal cells of the MTs and absent in stellate cells ( Figure 2C ).
2 9
Specificity of CAPAr transcript localization was confirmed using sense control probe, with no signal 
4 7
CAPAr knockdown abolishes anti-diuretic hormone activity. To confirm that the anti-diuretic 3 4 8 hormone action of the CAPA neuropeptides 36,37 are mediated through this specific receptor expressed 3 4 9 within the principal cells of the MTs, one day-old female A. aegypti were injected with dsCAPAR to 3 5 0 knockdown CAPAr transcript levels. Relative to control mosquitoes injected with dsARG (gene cloned 3 5 1 from standard plasmid vector encoding the ampicillin-resistance gene), CAPAr transcript was 3 5 2 significantly reduced by ~75% in four-day old females ( Figure 4A ). With significant knockdown verified 3 5 3 in four-day old adult mosquito samples from the same experimental cohort, standard Ramsay assay was 3 5 4 conducted as previously described 37 on dsRNA-treated females to examine whether the anti-diuretic 3 5 5 hormone activity of a CAPA anti-diuretic hormone was compromised. Our results confirmed that the 3 5 6 CAPA neuropeptide, specifically AedaeCAPA-1, had no inhibitory activity against DH 31 -stimulated MTs 3 5 7
in CAPAr knockdown females ( Figure 4B ). In contrast, AedaeCAPA-1 potently inhibited DH 31 -3 5 8 stimulated fluid secretion by MTs in dsARG-treated control female mosquitoes ( Figure 4B ).
5 9
Effect of pharmacological blockade on the inhibition of fluid secretion. To further understand the 3 6 0 anti-diuretic signalling pathway involving the CAPA neuroendocrine system, pharmacological blockers, 3 6 1 including inhibitors of NOS ( L -NAME) and PKG (KT5823), were tested against diuretic hormone-3 6 2 stimulated MTs alone and together with either AedaeCAPA-1 or cGMP. In DH 31 -stimulated MTs, L -3 6 3 NAME had no influence on the inhibitory effect of cGMP whereas the inhibitory effect of AedaeCAPA-1 3 6 4 was abolished ( Figure 5A ). In 5-HT-stimulated MTs, the results indicate that neither AedaeCAPA-1 nor 3 6 5 cGMP inhibition are influenced by L-NAME ( Figure 5B ). Application of KT5823 abolished the 3 6 6 inhibitory effect of both cGMP and AedaeCAPA-1 in DH 31 -stimulated MTs ( Figure 6A ). Similarly, the 3 6 7 inhibitory activity of AedaeCAPA-1 and cGMP on 5-HT-stimulated tubules was abolished when treated 3 6 8 with KT5823 ( Figure 6B ). Collectively, these results indicate that AedaeCAPA-1 inhibits select diuretic Like many animals, insects must regulate the ionic and osmotic levels of their internal 3 7 5 environment to ensure homeostatic levels of water and electrolytes are maintained. This is critical not 3 7 6 only for challenges linked to feeding, including the intake of too much or too little water and/or ions, but 3 7 7 is also important for daily exchange of these elements with the environment through other routes such as 3 7 8 waste elimination or water loss during respiration. The insect excretory system acts to maintain 3 7 9
hydromineral balance of the haemolymph by either increasing the removal of water and/or ions in excess 3 8 0 or the recycling of these same elements when in short supply. The insect Malpighian 'renal' tubules 3 8 1 (MTs) play a key role as the organ responsible for primary urine production, which can then be modified hindgut 15, 76 . However, countless studies in diverse insect species have established that ADHs can also act 3 8 9 on the MTs to reduce primary urine secretion 31, [36] [37] [38] 40, 77 . CAPA neuropeptides have been demonstrated to 3 9 0 display potent anti-diuretic effects in a variety of insects 38, 39, 42, 78 , including A. aegypti mosquitoes 36,37 , 3 9 1 while they have been shown to function as DHs and ADHs in D. melanogaster 40,79-81 .
9 2
The current study provides definitive evidence supporting the importance of this anti-diuretic 3 9 3 hormone system in the disease vector mosquito, A. aegypti, by characterization and functional 3 9 4 deorphanization of an anti-diuretic hormone receptor that is highly enriched in the MTs and demonstrates 3 9 5 high selectivity for the mosquito CAPA neuropeptides. Previous studies have functionally deorphanized a 3 9 6 number of CAPA receptor orthologs in other insects including dipterans 44, 57, 82, 83 , lepidopterans 84 , 3 9 7 coleopterans 85 , hemipterans 86 , as well as in the southern cattle tick 87 . Here, we have functionally validated 3 9 8 the specific ligands of the elusive A. aegypti CAPA receptor demonstrating that two of the peptides CAPA neuropeptides, which have been shown to modulate rates of fluid secretion by MTs in various 4 5 0 insects [36] [37] 41, 62, [96] [97] . In dipterans, these effects are mediated via action on the principal cells acting 4 5 1 through a second messenger cascade involving calcium, nitric oxide and cGMP signalling 98,99 .
5 2
We next examined whether normal anti-diuretic hormone signalling, which requires the AedaeCAPA-1, were treated with a NOS inhibitor, L -NAME, and a PKG inhibitor, KT5823. These 4 7 7 investigations established that L -NAME did not alter the inhibitory effects of exogenous cGMP since this several insect families, each tested at 10μM. For peptide sequence information and species origin, see 5 1 0 Table S3 . Only CAPA gene-derived neuropeptides resulted in a significant luminescent response relative on a local database using Geneious bioinformatics software (see methods for details). Predicted intron 5 8 0 sizes range from as small as 415bp (between exons 6-7) and as large as 74,016bp (between exons 1-2) with the entire gene spanning a genomic region of >351kb. 
